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Abstract

Compact, low-resistance oxide-nitride-oxide
antifuses are studied for TDDB, program dis-
turb, programmed antifuse resistance stabil-
ity, and effective screen. ONO antifuse is
superior to oxide antifuse. No ONO antifuse
failures were observed in 1.8 million accel-
erated burn-in device-hours accumulated on
1108 product units. This 1is in agreement
with the 1/E field acceleration model.

Introduction

Field programmable gate arrays has been a
fast growing field only recently [1]. The
key to their configurability is the develop-
ment of a programmable interconnect element.
This element should have small area, low post
programming resistance, and be reliable.
Many known interconnect elements have been
used, including SRAMs, EPROMs, and EEPROMs.
Problems encountered using these elements
are: large area, high resistance, or ineffi-
cient utilization due to circuit complexity.
The antifuse approach, however, has some
unique and attractive features. Since it is
only a two terminal device, the area required
is small, and the simple two terminal resis-
tor structure allows simple and efficient
routing schemes [2]. The programmed antifuse
has very low resistance. It was found that
oxide-nitride-oxide (ONO) antifuses have a
lower and tighter resistance distribution
than that of oxide antifuses (Fig. 1). The
choice of antifuse material has further im-
proved both the yield and the reliability
over that of oxide antifuses. In addition,
ONO is highly radiation resistant. Initial
evaluation results indicate that products
containing ONO antifuses can withstand 1.5
million rads [3)]. The technology and perfor-
mance characteristics of the ONO antifuse has
been previously described [4]. In this pa-
per, we will report the reliability charac-
terization of the ONO antifuse.

We will discuss three different types of
antifuse reliability. The first is that the
unprogrammed antifuse has to survive a 5.5V
40 year operating condition. The second is
that during programming, all unprogrammed
antifuses are subject to a momentary stress
of half the programming voltage (Vpp/2). The
programming yield is required to match or ex-
ceed PAL yields which are in excess of 99%.
The third is that programmed antifuses should
have a very low resistance, which will not
increase in value over the life of the part.
As will be shown below, the unprogrammed
antifuse is reliable, well in excess of the
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40 year lifespan, the programming yield is
excellent, and the programmed antifuse is not
subject to any measurable electromigration.
The weakest link in the technology is not the
antifuse, but typical CMOS process limita-
tions.

Antifuse Structure

The ONO antifuse is sandwiched between N+
diffusion and N+ poly-silicon gate to form a
very dense array with density limited by
metal pitches (Fig. 2). A thin layer of ox-
ide is thermally grown on top of the N+ sur-
face, followed by LPCVD nitride, and the re-
oxidized top oxide. The target electrical
thickness of the combined layer is equivalent
to 9nm of silicon dioxide.

TDDB of Unprogrammed Antifuses at 5.5V

For the sub 10 nm ONO thickness, time-de-
pendent-dielectic-breakdown (TDDB) reliabil-
ity over 40 years is an important considera-
tion. The very first task in determining the
feasibility of the antifuse was to examine
its TDDB reliability. Typical electrical
field and temperature accelerated tests were
done in order to extrapolate the dielectric
lifetime under normal operating conditions.
Based on the oxide study [5], it was reported
that there may be different field dependen-
cies of lifetime in high field (>6MV/cm) and
in low field (<5MV/cm) regimes. In the case
of ONO antifuses, the 5.5V operating field is
already over 6MV/cm. The extrapolated data
from the high field regime was therefore as-
sumed accurate. This assumption was later
confirmed with device burn-in data.

Pield Acceleration (E vs 1/E model for ONO)

200X200 um? (0.04mm2) area capacitors were
packaged and then stressed at different volt-
ages. ONO thickness ranging from 8nm to
9.5nm were studied. The test splits and sam-
ple sizes are summarized in Table 1. The
TDDB distribution at each voltage condition
is shown in Fig. 3.

In the literature, the oxide intrinsic
lifetime has been observed to have an
exp(l/E) dependence, which is explained
mainly with the Fowler-Nordheim tunneling
mechanism [6]. Oxide Log(I) curves and life-

time Log(tgg) curves exhibit a linear func-

tion of 1/E behavior. On the other hand,
nitride Log(I) has been shown to follow the

Frenkel Poole behavior (JE) [7]. Log(I) of
ONO 1is not a linear function of 1/E
(Fig. 4a). Rather, it more closely follows E



(Fig. 4b). Also, several studies have fitted
lifetime of ONO to an E model [8,9].

Nevertheless a careful examination of our
data revealed that TDDB lifetime of ONO fol-
lows the 1/E model (Fig. 5) better than the E
model (Fig. 6). This is in agreement with
conclusions from one study [10], but in con-
tradiction with others which did not examine
the fit between data and the 1/E model [8,9].
Based on our observation, we found that the E
model can fit the data well over 4 to 5 or-
ders of magnitude of time span. However, as
time span increases to 7 orders of magnitude,
the E model is clearly inadequate (Fig. 6).

since there is no theoretical basis for ONO
to follow the 1/E model or the E model, we
tried a statistical approach to find out
which model can best fit the data. First,
the data is fitted to different field depen-

dent models of exp(E®) with n ranging from

-1.5 to 1 at 0.5 intervals. Then the
correlation coefficient is compared for
different models in Fig. 7. The residual
comparison is shown in Fig. 8. Again, the E

model (n=1) turns out not to be a good fit
for the data. The best fit appears to be
n=-.5 or -1. This seems to suggest that
ONO behavior is similar to oxide (n = -1).
But, the addition of nitride (n=0.5) has
changed the n to between -0.5 to -1. Which
of the two exponents, n=-0.5 or -1, should be

used may depend on the ONO ©processing
conditions. The difference between
extrapolated lifetime based on these two
models is not nearly as dramatic as the
choice between E and 1/E. At 5.5V, the
difference 1in the extrapolated lifetime

between n= -0.5 and -1 is one order of
magnitude in time. On the other hand, the
difference between n=1 and -1 is 5 orders of

magnitude. In the subsequent analysis, we
will use 1/E model exclusively for simplic-
ity. The conclusion reached will not change

much if the 1//E model were to be used.

Besides the 0.04mm? area capacitor data, we
also did a TDDB study on single antifuses

(3.2um2) and ACT 1010 product antifuse arrays

(0,36mm2). Results are shown in Fig. 9.
Again, the data follows the 1/E model well
for all different area sizes.

Temperature Acceleration

The temperature effect on the 0.04mm2 ONO
area capacitor lifetime is shown in Fig. 10.
The activation energy as a function of the
electrical field is shown in Fig. 11. A
field dependent activation energy has been
reported for oxide TDDB lifetime, as well.

For the 5.5 volt lifetime estimate, the ac-
tivation energy 1is <close to 0.9ev (1/E
model). Using this estimate and the product
TDDB defect distribution (Fig. 12), the 1%
failure lifetime at 5.5V 1is well over 40
years. The projected product antifuse fail-
ure rate (containing 100K to 200K antifuses)
is less than 50 FITS at 125°C.

Program Disturb and Screen

During programming, all antifuse electrodes
are precharged at a given voltage, Vpre. To
program the antifuse, its poly-silicon elec-
trode is raised to Vpp while its N+ diffusion
is grounded. The unselected antifuses are
subjected to the stress of either Vpre to
ground or Vpp to Vpre for an average of 100
times the single antifuse programing time.
Usually the vVpre is set such that stress is
approximately vVpp/2. If defective unselected

antifuses fail (become programmed) due to
this stress, they will show up as programming
failures. These defective antifuses can be

screened out at wafer sort by a 1 second
stress at 10 volts (10vV/1s). This screen is
done twice during sort. The first 10v/1ls
(Fs-1) screens out the defective dielectric
distribution. The second 10V/1ls stress
(FS-2) simulates the percent yield loss
during programming. In Fig. 13, it shows a
typical wafer trend on the failure rate of
both first and second stress. The 10 run
average of FS-2 is 0.3 %. This suggests that
the programming failure loss due to antifuse
defects after the screen should be less than
0.3%.

Unlike floating gate EPROMs and EEPROMs,
latent ONO defects can be easily screened out
with a voltage stress as described above.
This is one more advantage of the antifuse
structure as a programming element. Once an
antifuse has passed the voltage screen at
sort, it is very reliable. Based on either
1/E or 1//E model, the 1l0V/ls stress 1is
equivalent to a stress time at 5.5V well over
40 years. We have calculated the equivalent
product failure rate at 5.5V as a function of
the FS-2 screen yield loss. It shows that
for an FS-2 of 0.5%, the equivalent FITs at
5.5V 125°C is less than 50, which is consis-
tent with the results mentioned at the end of
the previous section.

Programmed Antifuse Reliability

Once the antifuse is programmed and forms a
low resistance path, the resistance should
remain low. In the case of oxide, it is a
known fact that they are susceptible to self
healing [ll] or an increase in resistance
with time. This is not the case for ONO as
will be shown in the following section.

A four terminal Kelvin structure was used
for the reliability study (Fig. 14). A con-
stant 5mA current, which is much larger than
the operating current, was passed through the
antifuse at 250°C (through terminals BA,B)
while the voltage across the antifuse was
monitored between terminals A and B. A typi-
cal voltage vs time graph is shown in Fig.
15. A sudden increase in voltage indicates
that an open circuit has formed. Prior to
that, there is no significant change in the
voltage across the antifuse indicating that
the resistance remained low.

Next, electric continuity measurement and
scanning electron microscopy (SEM) were done
on the Kelvin structure. It was found that
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the antifuse resistance still remained low
when measured from the other two unstressed
terminals C and D. This is the case for all
samples tested under this condition. SEM
analysis showed that the open circuit was re-
lated to the metal to poly contact electromi-
gration failure (Fig. 16). The activation
energy (based on 250°C and 200°C data) for
the contact electromigration is 1l.lev, which
is in agreement with typical values obtained
from contact electromigration failures [12].
The extrapolated 1lifetime of contacts in
these circuits under normal operating condi-
tions is well in excess of 40 years. The
real lifetime of a programmed antifuse itself
is yet to be determined.

High Temperature Product Burn-in Life Data

In previous sections, it was demonstrated
that the extrapolated ONO antifuse lifetime
follows the 1/E model instead of the E model.
Product burn-in data supports this conclu-
sion. 1108 wunits (including PROMs, ACT1010,
and ACT1020) containing an average of about
100K antifuses per unit, about 5% of which
were programmed, underwent dynamic burn-in at
125°C and 5.5V with roughly an accumulated
1.8 million device hours. No antifuse fail-
ure has been observed while two CMOS circuit
failures have been observed and identified in
the peripheral circuitry. This data is con-
sistent with the failure rate projection
based on 1/E extrapolation, while the E model
extrapolation based on TDDB test data would
have projected 90 unit failures (out of 1108
units) due to ONO antifuses.

Conclusions

We have investigated three reliability as-
pects of the ONO antifuses. During opera-
tion, the lifetime of the ONO antifuse 1is
well in excess of 40 years at elevated tem-
peratures. It has been further demonstrated
that the E model is not adequate for lifetime
extrapolation. Results indicate that 1/E is
a better choice. The key to successful ex-
trapolation is that data should span over
seven orders of magnitude in time. Based on
the 1/E model, the extrapolated lifetime is
well over 40 years at 5.5v. To screen out
the programming yield loss due to breakdowns
of defective unselected antifuses, a screen
was developed. This is not a yield limiting
factor in the typical process as the yield
loss due to the screen on the average is 1%.
After the screen, the programming yield is
higher than 99%. The reliability of pro-
grammed ONO antifuses was also studied. It
was found that the lifetime is limited by the
contact electromigration, not by the ONO
antifuse. In addition, the resistance
remains low throughout the test indicating
the antifuse resistance does not increase.
Finally, more than 1100 product units and
over 1.8 million unit hours of burn-in data
have shown no failure at all that can be
attributed to the ONO antifuses. This is in
agreement with the prediction based on wafer-
level tests and the 1/E model.
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Table 1 Field accelerated test data for two lots with thickness ranging from 8nm to 9.5am. The
test was done on 0.04mm2 area capacitor.

Lot A Lot B
Voltage | Tox | E-field | # of cap tso Voltage | Tox | E-field | # of cap. tso
(v) (nm) | (MV/cm) (sec) V) (nm) | (MV/cm) (sec)
13.5 8.3 16.2 22 4.2e-3 14.0 8.7 15.9 25 9.8e-3
12.5 8.3 15.1 22 3.7e-2 13.0 8.7 14.9 25 5.0e-2
12.0 8.3 14.4 22 1.5e-1 12.5 8.7 14.3 25 2.4e-1
11.5 8.3 13.8 22 8.6e-1 12.0 8.7 13.7 25 1.3e0
11.0 8.4 13.1 22 4.7e0 11.4 8.7 13.1 25 9.0e0
10.5 8.4 12.5 9 5.8el 11.2 8.7 12.5 45 8.0el
10.0 8.3 12.0 6 3.2e2 10.8 9.0 12.0 45 3.52e2
9.5 8.3 11.4 6 2.5e3 10.2 9.0 11.3 45 2.88e3
9.0 8.3 10.7 36 2.5e4 9.7 9.0 10.8 45 2.07e4
8.5 8.3 10.2 15 2.3e5 9.0 8.7 10.3 32 3.35e5
8.0 8.3 9.6 59 1.5e6 9.0 9.3 9.7 32 2.22e6
Sub-total of tested cap. 241 401
Total of tested cap. 642
Table 2 High temperature operating life test data (HTOL).
Device # of # of fuse Device Bours* # fuse Equivalent
units per unit @ 125°C/5.5V Fail Device Hours
@ 55°C
PROM64 275 65,536 450,000 0 18.8 Million
1003JLCC 238 40,000 359,400 0 15.0
1010JLCC 144 112,000 283,000 0 11.8
1020JLCC 61 186,000 90,000 0 3.8
1010PLCC 358 112,000 616,000 0 25.8
1020PLCC 32 186,000 5,300 0 0.2
Total 1108 701,536 1,804,100 0 75.5 Million

* All PLCC, 114/144 of 1010 JLCC and 32/61 of 1020 JLCC have 5.75V.
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Fig. 16 SEM photograph of the Kelvin
structure after showing an open circuit. The
open is identified to be at poly to metal
contact due to contact electromigration.
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